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Abstract  

The powered-phase aUtOpl l o t  f o r  t he  Centaur 
N upper s tage r o c k e t  uses an a u t o p l l o t  forward loop 

g a l n  scheduler t h a t  decreases t h e  p r o p o r t i o n a l  g a l n  

veh lc les  w l t h  l ow-ga ln  a u t o p l l o t s  would have large 
a t t i t u d e  e r r o r  l l m l t  cyc les.  

These l l m l t  cyc les were due t o  t h e  assumed 
presence o f  Coulomb f r l c t l o n  I n  the  englne glmbals. 
Th ls  s l t u a t l o n  cou ld  be corrected through the  use 
o f  an harmonlc " d i t h e r , "  programmed i n t o  t h e  on- 
board d l g l t a l  computer and added t o  t h e  englne com- 
mand s l g n a l .  Th l s  would In t roduce  lmpendlng motlon 
t o  t h e  englnes, a l l o w l n g  c o n t r o l  o f  t h e  englnes 
even under smal l  commands. Contro l  a u t h o r i t y  was 
found t o  be res to red  when d l t h e r  was used. 

al 
v) 

I 
m as p r o p e l l a n t  mass I s  depleted. Nonllnear t l m e  
w response s l m u l a t l o n  s tud ies reveled t h a t  Centaur 

A concern arose t h a t  t he  Centaur cou ld  be unac- 
cep tab ly  e x c i t e d  a t  resonances near t h e  d l t h e r  f r e -  
quency, i f  t h e  d l t h e r  ampll tude were excesslve. 
Since t h e  d i t h e r  ampll tude was t o  be chosen on t h e  
bas l s  o f  f r l c t l o n  l e v e l  present, a t e s t  was con- 
ducted t o  measure t h l s  l e v e l .  D l t h e r  cha rac te r l s -  
t i c s  were t o  be based on the t e s t  resu l t s .  

The t e s t  r e s u l t s  showed t h a t  t he  glmbal f r l c -  
t i o n  c h a r a c t e r l s t l c  was a c t u a l l y  h y s t e r e t l c  - a 
"bend and s l l d e "  phenomena - r a t h e r  than t h e  assumed 
Coulomb f r l c t l o n .  Thls r e s u l t  had a tremendous 
e f f e c t  on s l m u l a t l o n  r e s u l t s  f o r  low-galn auto- 
p l l o t s .  The s l m u l a t l o n  r e s u l t s  showed t h a t ,  uslng 
t h l s  new model o f  glmbal f r l c t l o n ,  d i t h e r  would no 
longer  be necessary. 

Resul ts  o f  s lmu la t l on  s tud les  l n  both the t lme  
and frequency domaln a re  presented. I t  I s  recom- 
mended t h a t  a u t o p l l o t  s lmu la t l on  s tud les  f o r  f u tu re  
Centaur and s l m l l a r  upper-stage veh lc les  Inc lude a 
bend and s l l d e  englne glmbal f r l c t l o n  model, u l t h  a 
smal l  amount o f  Coulomb f r l c t l o n ,  modeled as p a r t  
o f  the a c t u a t o r  dynamlcs, f o r  a conserva t l ve  sta- 
b l l l t y  a n a l y s i s .  

In t roduc t l o n  

The Centaur upper-stage rocket ,  shown I n  
F l g .  1. has f l own  on over 60 mlsslons atop Atlas 
rocke ts  and severa l  mlsslons atop T l t a n  rockets. 
S h u t t l e K e n t a u r  was deslgned t o  f l y  I n  the Space 
S h u t t l e  o r b l t e r  bay. The S h u t t l e K e n t a u r  program 
was cance l l ed  by NASA due t o  Increased sa fe ty  con- 
s l d e r a t l o n s  a r l s l n g  a f t e r  t h e  Challenger acc ldent .  
Although t h l s  ana lys i s  was performed p r i o r  t o  the 
program c a n c e l l a t l o n .  t he  r e s u l t s  a r e  app l l cab le  t o  
any Centaur o r  s l m l l a r  space f l l g h t  v e h l c l e .  

The powered-phase a u t o p l l o t  o f  t h e  Centaur. 
shown I n  F ig .  2, I s  used t o  ma ln ta ln  a t t i t u d e  con- 
t r o l  d u r i n g  f u l l  t h r u s t  operat lon.  Con t ro l  I s  maln- 
t a l n e d  by us lng  hyd rau l i c  ac tua to rs  t o  glmba1.the 
maln englnes. L lnear  s t a b l l l t y  ana lys ts  I s  per- 

formed t o  est imate s t a b l l l t y  marglns f o r  t h e  auto- 
p i l o t .  b u t  t h l s  ana lys i s  must be v a l l d a t e d  through 
t lme  response s lmu la t l on .  Thls I s  due t b  t h e  h i g h l y  
non l l nea r  na tu re  o f  the a u t o p l l o t l  and p l a n t  
models, and due t o  t ime-vary lng model parameters. 

A bas lc  assumptlon I n  Centaur a u t o p l l o t  slmula- 
t l o n  I s  t h a t  f r l c t l o n  e x l s t s  I n  the  englne 
Thls phenomena has been modeled as c l a s s l c a l  Coulomb 
f r l ~ t l o n . ~  as shown I n  F lg.  3 .  w l t h  the l e v e l  o f  
f r l c t l o n  chosen f rom ln fo rma t lon  gathered f rom t e s t  
f l r l n g s  o f  t h e  P r a t t  B Whltney RL10-A f l l g h t  model 
englnes.) The e f f e c t  o f  Coulomb f r l c t l o n  has been 
documented f o r  o s c l l l a t l n g  pendulums,5 whlch I s  how 
t h e  Centaur englnes have been modeled. 

A p l o t  o f  a t t i t u d e  e r r o r  versus t lme  f o r  a 
t y p l c a l  Centaur w l t h  low-galn a u t o p l l o t  and no f r l c -  
t l o n  f s  shown l n  F lg .  4. Tlme responses showed 
t h a t ,  f o r  t h e  l e v e l  o f  Coulomb f r l c t l o n  used i n  
ana lys i s ,  unacceptably l a r g e  a t t l t u d e  e r r o r  l l m l t  
cyc les were seen I n  s lmu la t l on  r e s u l t s ,  as shown I n  
F lg .  5. These l l m l t  cyc les could be at tenuated 
through h lghe r  ga ln,  a t  t he  expense o f  s t a b l l l t y  
marglns. 

because t h e  englnes w l l l  s t l c k  I n  one p o s l t l o n  u n t i l  
t h e  comnand s l g n a l  I s  s u f f l c l e n t  f o r  them t o  over- 
come t h e  f r l c t l o n a l  torque. Thls  In t roduces phase 
l a g  t o  t h e  system, whlch w l l l  decrease s t a b l l l t y  
marglns . 6  Typ lca l  open-loop frequency responses 
f o r  a Centaur w i t h  low-galn a u t o p l l o t .  w l t h  and 
w l t h o u t  f r l c t l o n .  a r e  shown I n  F ig .  6. 

Desc r ip t i on  o f  Analys is  

An harmonlc d i t h e r  s lgna l  I s  wide ly  used by 

Coulomb f r l c t l o n  w l l l  cause l a r g e  l l m l t  cyc les  

manufacturers o f  c o n t r o l  valves7 as a means o f  
overcomlng f r l c t l o n .  
englnes, d l t h e r  may be added t o  the  c o m n d  s l g n a l  
as a means o f  l n t r o d u c l n g  lmpendlng mot lon t o  the  
englnes. so t h a t  they w l l l  n o t  s t l c k  when subjected 
t o  small  comnand s lgna ls .  

The l l m l t a t l o n s  on cholce o f  d i t h e r  frequency 
a re  as f o l l o w s :  f l r s t ,  t he  frequency could n o t  f a l l  
w l t h l n  the  c o n t r o l l e r  bandwldth due t o  r l g l d  body 
c o n t r o l  performance conslderat lons.  Second, vehl -  
c l e  resonances near the  d i t h e r  frequency cou ld  n o t  
be unacceptably e x c l t e d  by the  s lgna l .  F l n a l l y .  
t he  pe r iod  had t o  be an even I n t e g e r  m u l t i p l e  o f  
t h e  d l g l t a l  a u t o p l l o t  sampllng t lme, I n  order  t o  
achieve an even harmonlc s lgna l .  

I s  0.02 sec. Even In tege r  m u l t i p l e s  o f  t h l s  number 
were consldered as poss lb le  candidates f o r  t h e  
d l t h e r  pe r lod .  
bandwldth t h a t  moved the  englnes w l t h  t h e  sma l les t  
ampl l tude was found t o  be 0.08 set .  f o r  a frequency 
o f  6.25 Hz.  

For t h e  case o f  g lmbal lng 

For t h e  Centaur a u t o p l l o t .  t he  sampllng t lme  

The pe r iod  ou ts ide  the  c o n t r o l l e r  
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A further analysls was performed to determlne 
the best shape for the dither slgnal. A quantized 
slne wave and a square wave were tested. The square 
wave shown in Flg. 7 was chosen, because It requlred 
less amplltude than the slne wave t o  add the same 
amount of energy to the system. The square wave may 
be decomposed lnto harmonlcs that are Integer multl- 
ples its frequency.8 and these harmonlcs contrl- 
bute to the energy contalned by the square wave. In 
thls analysis. it was found that the harmonlcs dld 
not themselves exclte vehlcle modes, but dld contrl- 
bute energy to the englnes at the fundamental dlther 
frequency, allowing them to be excited at a smaller 
amplltude than would a slne wave. 

Havlng chosen the frequency, the dlther ampll- 
tude must be such that the frlctlon torque i s  bro- 
ken, without forclng the englnes agalnst thelr 
stops. 
lytically elther for a slmple model of the engines 
or for a descrlblng functlon approximation of the 
frlctlon characterlstlc,g but a prlor knowledge of 
the amount of frlctlon present 1s stlll necessary. 

The dlther amplitude may be calculated ana- 

For thls case, varlous amplltudes were tested, 
wlth the goal of finding the smallest amplitude 
that would break the frlctlon torque. It was 
observed that amplltudes below a certain level 
would not exclte the englnes enough to break the 
frlctlon, and that the level of dither necessary 
was a functlon of the frlction level present. An 
example of thls result i s  shown In Flg. 8. ln 
whlch attitude error is plotted agalnst tlme for 
two dlfferent dlther amplltudes. One of the 
amplltudes i s  sufflclent to break the friction; 
the other I s  not. These plots show the need to 
know the amount of frlctlon present to prevent 
under-dithering the englnes. 

A test was performed10 t o  determine the amount 
of friction present ln the englne gimbals, whlch 
would then be used t o  determine the requlred dlther 
level. The results of thls test showed the frlc- 
tlon characterlstlc to be hysteretlc rather than 
the assumed Coulomb frlctlon. The characterlstlc 
I s  shown in Flg. 9. Thls result showed prevlous 
autopllot stablllty analyses t o  be more conser- 
vatlve than necessary. 

The result of lmplementlng thls hysteretlc 
damplng characterlstlc In slmulatlon was that lt 
was no longer necessary to dlther the englnes t o  
achieve control authorlty. Figure 10 shows a plot 
of attitude error versus time for a case In whlch 
the engine glmbal damplng I s  hysteretic, and In 
which a smaller amount of Coulomb frlctlon I s  
stlll modeled, under the assumptlon that some 
Coulomb friction may exist In the hydraullc engine 
actuators. The two plots ln Flg. 10 lndlcate that 
a small amount of dither, although not necessary 
t o  meet attitude error llmlt cycle requirements, 
may be used to further Improve control performance. 

Figure 1 1  shows an open-loop frequency 
response for the Centaur ulth thls new friction 
character. The frequency response shows Increased 
stablllty marglns. A comparison of stablllty 
marglns for the frequency response plots of Figs. 6 
and 1 1  i s  shown in Table I. Although these stabll- 
lty marglns are glven for only one Instant of 
fllght. It can be easlly shown that the effect of 
frlctlon model on stablllty marglns wlll be 
slmllar throughout fllght. 
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Concluslons 

For the case of a low-gain Centaur autopllot, 
the assumptlon of Coulomb frlctlon exlstlng in the 
englne glmbals wlll be seen In tlme response, as 
the stlcklng of the englnes ulll cause unac- 
ceptably large attltude error llmlt cycles. Thls 
wlll also be reflected In open-loop frequency 
response, as the phase lag lntr'oduced by Coulomb 
frlctlon reduces autoptlot stablllty marglns. 

The problems Introduced by Coulomb frlctlon 
in dynamlc slmulatlon will be ellmlnated by the 
lntroductlon of a dlther slgnal. added to the 
englne command slgnal output of the control law. 
The judlclous cholce of dlther type, frequency, 
and amplitude wlll ellmlnate englne stlcklng by 
lntroduclng Impending motion to the englnes, thus 
returnlng control authority and stabillty marglns 
to the autopllot, without excesslvely exciting 
other vehlcle modes. 

Since the dlther amplltude necessary to break 
the Coulomb frlctlon torque I s  a functlon of the 
amount of friction present. some knowledge of the 
actual frlctlon characterlstlc is necessary t o  
prevent over-ditherlng the englnes. For thls 
case, testlng was necessary t o  determine thls 
characterlstlc. 

The test results showed the engine glmbal 
frlctlon to actually be hysteretic in nature, 
rather than the assumed Coulomb frlctlon. Thls 
"bend and sllde" frlctlon would require no dither 
to break. Although some stlcklng of the englnes 
i s  stlll observed wlth hysteretlc damplng. englne 
commands can move the englnes without dither. 

The analysts here has shown that if coulomb 
frictlon were present In the engine glmbals, con- 
trol authorlty could be malntatned through the use 
of dither. However, modeling the engine with the 
more correct and test-verlfled hysteretic damplng 
eliminates the need for dither. Future Centaur 
autopllot slmulatlon studles should contaln hyster- 
ettc glmbal damplng, wlth a small amount of Coulomb 
frlctlon also modeled (assumed to be present In the 
engine actuators) for a conservatlve stablllty 
anal ys 1 s . 
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FIGURE 1. - CENTAUR UPPER STAGE. 
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FIGURE 3. - COULOMB FRICTION MODEL. 

4 



-4 
0 50 100 150 200 250 300 
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FIGURE 5. - ATTITUDE ERROR VERSUS TIME FOR CASE WITH 
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FIGURE 9. - HYSTERETIC FRICTION DAMPING MODEL. 
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The powered-phase autopi lot f o r  the Centaur upper stage rocket uses an autopi lot forward loop gain 
scheduler that decreases the proportional gain as propellant mass i s  depleted. 
ponse simulation studies reveled that Centaur vehicles with low-gain autopi lots would have large 
a t t i tude  error l i m i t  cycles. 
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excessive. 
tes t  was conducted t o  measure t h i s  level.  
results. 
"bend and sl ide" phenamena - rather than the assuned Coulanb f r i c t i on .  
e f fec t  on simulation results fo r  low-gain autopilots. 
new model o f  gimbal f r i c t i on ,  d i ther  would no longer be necessary. 
both the time and frequency danain are presented. 
f o r  future Centaur and similar upper-stage vehicles include a bend and s l ide  engine gimbal f r i c t i o n  
model, with a small mount o f  Coulmb f r i c t i on ,  modeled as part o f  the actuator dynamics, f o r  a con- 
servative s t a b i l i t y  analysis. 

Nonlinear t i m e  res- 

These l i m i t  cycles were due t o  the assuned presence o f  Coulanb f r i c t i o n  
This s i tuat ion could be corrected through the use o f  an harmonic "dither," 

Since the d i ther  ~ p l i t u d e  was t o  be chosen on the basis o f  f r i c t i o n  level present, a 
Dither characteristics were t o  be based on the tes t  

The test  resul ts  showed that the gimbal f r i c t i on  characterist ic was actual ly  hysteretic - a 

The simulation resul ts  showed that, using t h i s  
This resul t  had a tremendous 

Results o f  simulation studies i n  
It i s  recarmended that autopi lo t  simulation studies 
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